ABSTRACT: Understanding predator-prey relationships can be pivotal in the conservation of species. For 2 decades, desert tortoise Gopherus agassizii populations have declined, yet quantitative evidence regarding the causes of declines is scarce. In 2005, Ft. Irwin National Training Center, California, USA, implemented a translocation project including 2 yr of baseline monitoring of desert tortoises. Unusually high predation on tortoises was observed after translocation occurred. We conducted a retrospective analysis of predation and found that translocation did not affect the probability of predation: translocated, resident, and control tortoises all had similar levels of predation. However, predation rates were higher near human population concentrations, at lower elevation sites, and for smaller tortoises and females. Furthermore, high mortality rates were not limited to the National Training Center. In 2008, elevated mortality (as high as 43%) occurred throughout the listed range of the desert tortoise. Although no temporal prey base data are available for analysis from any of the study sites, we hypothesize that low population levels of typical coyote Canis latrans prey (i.e. jackrabbits Lepus californicus and other small animals) due to drought conditions influenced high predation rates in previous years. Predation may have been exacerbated in areas with high levels of subsidized predators. Many historical reports of increased predation, and our observation of a rangewide pattern, may indicate that high predation rates are more common than generally considered and may impact recovery of the desert tortoise throughout its range. 
INTRODUCTION
The desert tortoise Gopherus agassizii occurs over large portions of the Mojave and Sonoran Deserts of the southwestern United States and northwestern Mexico (Germano et al. 1994) , and the Mojave population receives federal and state protection north and west of the Colorado River in Arizona, Utah, Nevada, and California (USFWS 1994) . Numerous factors have been identified as threats to desert tortoise populations (USFWS 1994) , and these factors do not operate independently, but rather synergistically (Tracy et al. 2004 , USFWS 2008 . Growing human populations, for example, can create resource subsidies of food and water that together allow native predator densities to increase beyond normal population levels (Goodrich & Buskirk 1995) , and predation is often identified as a problem in the management and recovery of at-risk species (Gompper & Vanak 2008) , including desert tortoises (Woodbury & Hardy 1948 , Turner et al. 1984 , Berry 1986 .
Although the list of predators of all age-classes of tortoises is substantial (Woodbury & Hardy 1948 , Luckenbach 1982 , Grover & DeFalco 1995 , predation on adults is usually attributed to larger canids (i.e. coyotes Canis latrans and free-roaming dogs Canis familiaris) or mountain lions Felis concolor (Woodbury & Hardy 1948 , Turner et al. 1984 , Peterson 1994 , Medica & Greger 2009 ); more recently, mortality of adults from common ravens Corvus corax has been observed (K. K. Drake pers. obs., D. Hinderle et al. pers. obs.) . Coyote predation is the most frequently cited cause of predation on adult tortoises and has been reported to range from 18 to 30% annually during some research projects (Turner et al. 1984 , Peterson 1994 . It has been speculated that levels of coyote predation on tortoises are inversely related to the abundance of the preferred coyote prey base of small mammals such as rodents and lagomorphs (Woodbury & Hardy 1948 , Reyes Osorio & Bury 1982 , Turner et al. 1984 ; however, there has been no direct documentation of population levels of coyotes and their possible prey species for the Mojave Desert ecoregion.
The Ft. Irwin National Training Center (NTC) recently translocated 571 tortoises from the military reservation to nearby public lands (Esque et al. 2005 , Heaton et al. 2008a . As part of a research program designed to provide information about the effects of translocation on desert tortoises, we monitored the health and ecology of desert tortoises beginning in May 2005. All tortoises in the study were monitored monthly for at least 1 yr prior to the translocation.
Translocation occurred between 27 March and 18 April 2008. Tortoises were translocated from US Department of Defense lands in the NTC Southern Expansion Area (Heaton et al. 2008a ) to the SuperiorCronese Desert Wildlife Management Area (DWMA) of critical habitat, located in the western Mojave Desert immediately south of the NTC (Fig. 1) . The tortoises were moved to 14 widely separated unfenced areas (~2.58 km 2 ) on public lands in a contiguous area of 1000 km 2 . The translocated tortoises were released in groups of 10 to 50 ind. per release area on sites occupied by resident desert tortoises. As part of several independent, yet coordinated research projects, we studied 3 treatment groups of tortoises, including those that were translocated, animals that already lived in and around the release sites (residents), and tortoises found in intervening areas more distant from release sites (controls) which did not overlap with translocated animals and were thus not affected by translocation activities. By May 2008, losses of desert tortoises were occurring among all treatment groups in localized areas. Field observations (i.e. coyote tracks and bite or chew marks on the shells and limbs) at the scene of predatory events revealed that coyotes killed tortoises. There were also isolated incidents of attempted predation by common ravens on adult tortoises.
We analyzed local variation in the occurrence of mortality among the translocated, resident, and control groups of desert tortoises that we studied as part of the NTC desert tortoise translocation. We also analyzed the extent to which predation rates in the study area could have been related to other factors that could influence predator population levels. Factors of concern include: the distribution of human population density; the distance from urban areas; the number of dirt road segments per km 2 ; and physical factors of the landscape, such as elevation and surface roughness. Finally, we provide additional data documenting mortality rates for sites spanning the range of the desert tortoise in the Mojave Desert.
MATERIALS AND METHODS
Study area. The primary study area (~1000 km 2 ) was within the Superior-Cronese DWMA located within the Western Mojave Recovery Unit of Critical Habitat for desert tortoises (USFWS 1994 , Heaton et al. 2008a Fig. 1 ). The study area was characterized as typical Mojave Desert scrub vegetation (Turner 1994) , ranging in perennial plant cover from 1 to 29%. Elevation ranged from 500 to 900 m. During the period of record (1943 to 2009), the long-term annual precipitation mean was 98.8 ± 6.6 (SE) mm for Barstow, California (Fig. 2) . The lowest precipitation on record occurred in 2006 (19.1 mm), followed by 56% below normal in 2007, and slightly over 100% of the longterm mean in 2008 (106.1 mm).
Range-wide mortality data for desert tortoises came from study plots throughout the Mojave Desert (Fig. 1) . Precipitation during the study period was above the long-term mean for several representative sites across the Mojave Desert, followed by 2 yr of below-average precipitation across the Mojave Desert and similar to the pattern observed for Barstow, California (Fig. 2) .
Tortoise data. Ft. Irwin NTC translocation analysis: Upon first capture, all desert tortoises were measured, and radio-transmitters were attached directly onto the carapace using epoxy (Boarman et al. 1998 Desert tortoises in all 3 groups were monitored at least monthly (typically weekly) and were the subjects of several concurrent investigations on behavior, disease, spatial distribution, reproduction, and stress physiol ogy. Based on these extremely detail-oriented studies, the condition of all the tortoises was monitored closely. The condition of each animal and any change in condi tion was noted and discussed among research teams such that overtly unhealthy or moribund animals were detected. For the purposes of this report, all other tor toises that were found dead, but had been healthy when last seen, were considered to be dead due to pre dation. Fifteen tortoises found to be overtly unhealthy with either clinical signs of disease or reduced mobility due to limb dysfunction were permanently removed from the study, as they were incorporated into pathol ogy research. Four additional tortoises were removed from the study due to injuries including suspected canid-inflicted wounds or other injuries (e.g. snake bite) and not included in the analyses. Animals that were lost (e.g. due to transmitter failure) were also excluded from the analyses. While some of those ani mals may have died, we chose not to inflate mortality rates with speculative figures for which we had no further evidence.
Regional mortality analysis:
We used adult desert tortoise mortality data that were accumulated from 9 sites across the entire range of the Mojave Desert tortoise, excluding data from those previously described. These additional projects all represented sample populations of desert tortoises that were radio-tracked and allowed to range freely. Tortoises were monitored monthly in each of these studies, providing up-to-date information about their health status and general condition. All studies involving these tortoises were less invasive than the translocation project at Ft. Irwin, and consisted mainly of non-manipulative behavioral studies, although blood samples were collected from some individuals for health status evaluation. For example, 7 out of 9 of the sites were originally established for the sole purpose of observing typical animal behavior (USFWS 2006 , Inman et al. 2009 ). One site in the River Mountains of Nevada included 19 translocated tortoises that were transmittered and not otherwise manipulated (USFWS unpubl. data), and the Soda Mountains site is a long-term study site used for a variety of observational research projects, including health status (Berry et al. 2006) . Percent mortality was analyzed on a calendar-year basis by dividing the number of dead tortoises by the number of tortoises monitored that year multiplied by 100.
Spatial data layers.
We included several covariates that represented perceived threats to desert tortoises, or hypothetical benefits to predators, that could aid in explaining mortality separately from possible translocation effects. We predicted that elevation and surface roughness would correlate with variability in predator or desert tortoise densities. We also predicted that proximity to urban areas, local human population density, and road density would correlate with additional direct and indirect anthropogenic influences, such as habitat degradation, subsidization of natural predators to elevated levels, and potential increases in freeroaming dog populations. We developed all spatial layers for the Ft. Irwin study area as raster layers in a geographic information system (GIS) with a 1 km 2 cell size. We calculated the elevation layer as the area-weighted average over the 1 km 2 cells from a 30 m digital elevation model (DEM). Surface roughness was calculated as the ratio of surface area to planar area for each grid cell. Thus, surface roughness is a coarse estimation of the landscape texture, such that the analysis roughly describes landforms such as hilliness and large arroyos, bajadas, and mountain slopes. We calculated distance to urban areas from the center of each grid cell to the edge of the nearest urban area polygon. Urban area polygons were acquired using the ESRI coverage for the US Census of Urbanized Areas (http:// arcdata.esri.com/data/tiger2000/tiger_county.cfm?sfip s=06). We derived the human population raster layer from 2000 US Census Block Centroid Populations (US Census Bureau 2000) data using a kernel density estimator. We calculated the kernel density for the 1 km 2 grids using a 15 km range. We used neighborhood statistics to sum the estimated population for a 15 km radius surrounding each cell in the analysis to obtain an estimate of the local human population likely to influence habitat at a 1 km scale.
We imported 1 location for each desert tortoise at the time of translocation, or where predation occurred for desert tortoises found dead, into a GIS, and intercepted the points with the raster layers described above. We analyzed the status (alive or dead) for desert tortoises using a logistic general linear model where sex and treatment group (i.e. translocated, resident, and control) were included as factors, and desert tortoise size, elevation, surface roughness, distance to urban areas, road density, and the human population level for the area were included as covariates using the glm function R 2.9.2 (R Development Core Team 2009). We selected among potential models including different combinations of factors and covariates that described the likelihood of mortality by using model performance, as measured by Akaike's information criterion corrected for small sample sizes (AICc), for ranking potential models. We considered a 2-point 
RESULTS
Twenty-eight of the 149 control tortoises, 29 of 140 resident tortoises, and 89 of 357 translocated tortoises were found dead during the first year of the translocation project. While it is difficult to discern between predation and scavenging (e.g. Peterson 1994 , Nussear 2004 , Field et al. 2007 , we think that the vast majority of these tortoises were killed by predators, because of the very detailed research histories of each tortoise in combination with the frequency of monitoring, the fact that the tortoises were overtly healthy when last observed, and the evidence of predation in relation to the carcasses (i.e. fresh predator tracks and scat, and chew marks). Although tracks and feces of coyotes were present in association with a large number of the tortoise carcasses, coyotes were observed infrequently.
Model selection by AIC yielded a model where the likelihood of mortality was most parsimoniously explained by the size of the human population, the surface roughness of the area, and the size and sex of the animal (Table 1) , but with potential influences of elevation, distance to population center, and road densities all as potential contributors (models 2, 3, and 4; Table 1 ). Treatment group (i.e. translocated, resident, control) did not provide a significant contribution to any of the better performing models (e.g. there was an increase in AICc over the best models by 2.5 to 3 points on inclusion). The best treatment group model only had 5% support in our model set, and the data provided <16% combined relative support among all models that included treatment group as a factor (Σw Trans = 0.16; Table 1 ). Furthermore, the addition of translocation group to the best model yielded an increase in AICc of ~3.4 with very little difference in residual model deviance ( Table 1 ), indicating that it was not an improvement of the model (Anderson 2008) . The distance to the nearest urban area provided only marginal improvement to the model either in addition to, or over using the estimated human population density, which likely reflects that the population density of the urban area has a stronger influence than the distance from urbanization in and of itself.
For the purpose of providing results of an analysis using traditional probabilistic methods, contrasts among treatment groups were analyzed using Tukey's contrasts for multiple comparisons of means. These analyses further supported that translocated tortoises had levels of mortality that were not detectably differ- ent from those of residents (z = -0.401, p = 0.91) and controls (z = 0.569, p = 0.84). Furthermore, resident and control tortoises also experienced similar levels of mortality (z = 0.805, p = 0.70). This indicates that the translocation was not a contributing factor to mortality, as mortality was indistinguishable between groups.
The directions of the coefficients (positive or negative) included in the final model (lowest AICc and most parsimonious) indicate the positive and negative relationships among tortoise mortality and the habitat covariates that we analyzed (Table 2) . Tortoises were more likely to experience mortality in areas with elevated human population densities (Fig. 3) . We hypothesized that surface roughness would correlate with increased predator densities and potentially higher incidence of predation, but the direction of the correlation was negative, indicating that tortoises were more likely to suffer mortality in flat open areas than rough higher-elevation sites. Finally, smaller tortoises and females tended to have higher mortality than larger tortoises and males (Table 2) , although there was no size-by-sex interaction that contributed significantly to the model (Table 1) .
Evaluation of adult desert tortoise mortality data at 9 sites across the Mojave Desert indicated that mortality among 7 of 9 populations of apparently healthy and vigorous tortoises was exceptionally high and widespread (Table 3, Fig. 3) . Mortality rates at sites spanning the Mojave Desert ranged from 0.0 to 43.5%, where 2 of the sites had 0 mortality observed and 7 sites had some mortality in at least 1 of 3 years reported here. The mortality that occurred in 2008 was notably higher than in either of the previous years.
DISCUSSION
Some attributes of the desert tortoises appeared to contribute to elevated mortality rates. First, females were more likely than males to be killed by coyotes. This was counter to what might be expected, as male tortoises are known to have larger home ranges (Berry 1986 , O'Connor et al. 1994 , Harless et al. 2009 ) and generally move greater distances, especially after translocation (Nussear 2004 , Field et al. 2007 ). Elevated female mortality has been reported elsewhere (SAIC 1993 , Field et al. 2007 , and Riedle et al. (2010) found higher mortality among female than among male desert tortoises at a Sonoran Desert site. Most mortality at the Sonoran site was a result of mountain lion predation and could have affected females more in early spring, because they tend to be more active earlier in the season than males in the Sonoran Desert. We are not aware of any other behaviors that are gender specific that would afford greater survival in a confrontation with a coyote. However, we found that smaller tortoises also suffered higher mortality rates. Females generally do not grow as large as adult males, and as shell size increases, the angle of curvature on the shell increases, perhaps resulting in a greater difficulty in the ability of potential predators to gain purchase on the shell of larger tortoises such as adult males. It is possible that because adult female tortoises are generally smaller than adult males (Woodbury & Hardy 1948) , body size of the tortoise in relation to the gape of coyotes can explain why males fall prey to coyotes less frequently than females. This higher prevalence of predation on females could lead to biased sex ratios if the pattern were to persist, and it is notable that this area has been reported to have higher male:female sex ratios in recent surveys, with values ranging from 2.56:1 to 1.05:1 (USFWS 2006, Nussear et al. 2008) .
Attributes of the habitat were also correlated with mortality rates. Our analyses indicated that desert tortoise mortality was negatively correlated with high surface roughness: most of the mortality occurred on flatter areas on the landscape. In the vicinity of Ft.
Irwin, areas with high surface roughness are related to mountainous slopes with shallow soils, and smoother areas generally have deeper, more friable soils found on the lower bajada. In retrospect, we hypothesize that desert tortoises inhabiting cover sites in deeper soils of the lower bajada were more susceptible to excavation by coyotes than tortoises occupying cover sites in rocky areas of high surface roughness. Some excavations were recorded in association with mortalities, but many animals were taken on the surface as well (e.g. after precipitation or during other activities). We found that the pattern of coyote kills in the Ft. bances, trash, and proximity to offices and paved roads Irwin study was strongly associated with the size of that are typical characteristics of human-populated nearby human populations. This variable can be reareas (Berry et al. 2006) . Urbanized areas and the garded as a reflection of the local sphere of influence resources provided by humans can elevate predator exercised by the nearby human population on desert populations (Baker & Timm 1998) , because garbage tortoise habitat. These results are consistent with preand other anthropogenic subsidies are incorporated vious analyses in the region where tortoise mortalities into their diets (McClure et al. 1995, Fedriani et al. were significantly correlated with the surface distur-2001). With locally elevated predator population sizes and pulsed natural prey resources, alternative prey is likely to be affected by subsidized predators as they switch from preferred prey items (Peterson 1994 , Ostfeld & Keesing 2000 , Hernandez et al. 2002 , Grubbs and Krausman 2009 ). In addition, subsidized predators may persist at artificially elevated densities beyond what a natural prey base can support, and can deplete wildlife populations in these areas (Soulé et al. 1988 , Ostfeld & Keesing 2000 , Fedriani et al. 2001 , Kristan & Boarman 2003 ).
The positive relationship we found between coyote predation and human population levels illustrates that human populations can indirectly but significantly affect wildlife populations and habitat quality (Goodrich & Buskirk 1995 , Ner & Burke 2008 . Many aspects of human population increases cause direct losses to desert tortoise populations (reviewed by Tracy et al. 2004) . For example, housing developments, utility corridors, and transportation corridors all cause direct loss of desert tortoise habitat by nature of the surface disturbances required for construction. In contrast, we illustrate how proximity to human population centers may relate to an indirect loss of desert tortoises due to subsidized predator populations, primarily coyotes.
Observations of high predation rates on adult tortoises were also widespread across the Mojave Desert in 2008. In spite of widely spread observations of mortality (7 of 9 sites), 2 sites had no observed predation, indicating the variation that occurs in the desert. Both of these sites are notably distant from sources of predator subsidization. Although no temporal prey base data are available for analysis from our study sites, we hypothesize that high predation rates by coyotes on desert tortoises were strongly influenced by low population levels of normal prey bases for coyotes (Rogers 1965 , MacCracken & Hansen 1987 , Ortega 1987 . Small mammals, such as lagomorphs (Clark 1972 , Saethre 1995 and rodents, may be particularly vulnerable to drought and are known to decrease to densities as low as 1 ha -1 when drought conditions prevail for 1 yr or more (Chew & Butterworth 1964 , Whitford 1976 , Brown & Harney 1993 . In our study areas, drought occurred in the year prior to the majority of predation events. Similar observations of predation have been made by those conducting desert tortoise research, beginning with the seminal work of Woodbury & Hardy (1948) , who observed that predation on desert tortoises increased in 1945 and 1946 when the numbers of rabbits and rodents were low. Similar observations continued across decades of field research, and each time a low prey base was invoked -although in none of these cases was the prey base actually quantified (Turner et al. 1984 , Peterson 1994 , Nussear 2004 , Field et al. 2007 . Bridging this gap in ecological information would be an excellent way to test this hypothesis; however, this type of work is extremely difficult to implement and fund, as annual rainfall conditions and productivity are highly variable in the Mojave Desert (Beatley 1969 (Beatley , 1976 .
The mortality levels we report for 2008 across 9 study sites throughout the Mojave indicate that high predation rates may be more common than generally considered, which could impact the conservation status of the tortoise range-wide. For example, population viability analyses typically indicate that the most important demographic group to maintain sustainable populations is adult females (Doak et al. 1994 , USFWS 1994 and that mortality rates as high as some of those in 2008 would eventually lead to local extirpations. The information presented in the present study demonstrates that mortality events can occur in pulses that track the large-scale climatic fluctuations in the Mojave Desert. Mortality as a direct impact of drought has been reported for desert tortoises (Germano & Joyner 1989 , Peterson 1994 , Longshore et al. 2003 . However, while elevated mortality may be coupled to natural processes, we do not consider the levels of mortality we quantified to be possible naturally because they clearly would result in unsustainable population losses over the course of decades (Doak et al. 1994 , USFWS 1994 . While predator control is one option that is considered when local predation levels decimate species of concern, predator control programs designed to benefit at-risk species have had mixed results. Intensive predator removal sometimes results in short-term benefits, but even successful removal may have undesirable consequences for at-risk species, leading, for example, to changes in community structure, compensatory predator migration or reproduction, and/or an increase in disease (Cypher & Scrivner 1992 , Goodrich & Buskirk 1995 , Crooks & Soulé 1999 , Berger 2006 . In light of the uncertainty involved with predator control techniques and the disparate responses of public opinion, resource managers will need to consider the efficacy, costs/benefits, and socio-economic (or socio-political) implications of potential management strategies before selecting an appropriate course of action. Alternatively, modifying human behavior around habitations and recreation areas to limit the amount of refuse and minimize the availability of access to water in desert areas would likely be useful in reducing subsidized predators.
Determining direct causality of population changes to desert tortoise populations has proven to be challenging (Tracy et al. 2004 , USFWS 2008 . It is difficult to study wild animals such as the desert tortoise without introducing observer bias such as the potential influence of attaching radio transmitters and repeatedly visiting the animals in the field. In a study to compare the influence of humans and dogs on desert tor-toise survival at Ft. Irwin, no influence of either was detected on their survival (Heaton et al. 2008b) . Fur thermore, since the 1980s, many 100s of radio-teleme tered tortoises have been followed at multiple sites for multiple years with multiple research teams, and inci dence of high mortality was quite rare. Other hypothe sized mechanisms for heightened predation levels include increased movements of tortoises that were translocated (Nussear 2004 , Field et al. 2007 , potential unavailability or unfamiliarity with locations of cover sites, food and water, and the attraction of predators to areas with increased tortoise densities and increased human activity. However, translocated, control, and resident animals did not differ statistically in mortality rates from one another. This eliminated not only the translocation itself as a factor in mortality, but also the possible influence of increased densities, as the control tortoises were maintained at natural densities while both resident and translocated tortoises being co located necessarily increased density. Considering all these factors as well as analyses of animal size and sex, proximity to urban areas, surrounding human popula tion density, road density, and regional predation pat terns, we conclude that what we observed was a severe range-wide predation pulse that may reflect the status of the Mojave Desert in its entirety rather than being the result of a single management activity.
The coincidence of widespread and high predation rates with the translocation was unfortunate. However, there was no evidence that the translocation influ enced the high predation rate at Ft. Irwin NTC. In stead, data available to us indicate that the phenome non was widespread across the desert. We view this as a result of both the increasing growth of human popu lations in the arid southwest (Grimm et al. 2008 ) and the general and widespread habitat degradation asso ciated with human population growth (Leu et al. 2008) , which may partially explain long-term negative trends in desert tortoise populations. It is likely that high pre dation rates and a myriad of other threats to tortoise populations (Tracy et al. 2004 ) will continue to increase across the Mojave Desert as metropolitan areas increase in size (Grimm et al. 2008) , and the footprint of humans spreads into currently less impacted areas of the desert southwest (Leu et al. 2008 ). This high lights that protecting sensitive species is not simply a matter of protecting total acreage at multiples of individual home range, but is a matter of effective pro tected area design with minimal-impact core wilder ness areas of sufficient size surrounded by adequatesized buffer zones. It reiterates the value of careful consideration of infrastructure and its impact on sensi tive areas and provides opportunities for novel and creative approaches to mitigation and compensation for development near protected areas. 
